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Abstract. Spectrally varying long-wave infrared (LWIR) polarization
measurements can be used to identify materials and to discriminate
samples from a cluttered background. Two LWIR instruments have been
built and fielded by the Air Force Research Laboratory: a multispectral
LWIR imaging polarimeter (LIP) and a full-Stokes Fourier transform in-
frared (FTIR) spectral polarimeter (FSP), constructed for higher spectral
resolution measurements of materials. These two instruments have been
built to gain an understanding of the polarization signatures expected
from different types of materials in a controlled laboratory and in varying
field environments. We discuss the instruments, calibration methods,
general operation, and measurements characterizing the emitted polar-
ization properties of materials as a function of wavelength. The results
show that we are able to make polarization measurements with a relative
accuracy of 0.5% degree of polarization (DOP) between two different
instruments that are calibrated with the same techniques, and that these
measurements can improve the understanding of polarization
phenomenology. © 2002 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1464870]
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1 Introduction

The phenomenon of polarized light has been understood
some time, but its usefulness in material identification
just being revealed. Reflection and emission of electrom
netic radiation from a variety of materials produces p
tially polarized light when viewed at off-normal angle
Electromagnetic radiation will become polarized after
flection off a smooth surface, as described by the Fres
equations. According to Kirchoff’s law relating absorptio
and emission, thermal emission will also show some po
ization with a preference to electric field components o
ented parallel to the surface normal.

In 1824, Arago1 made the first empirical observation o
partially polarized light thermally emitted from an inca
descent body. Subsequently, Millikan2 performed experi-
ments with various metals and dielectrics. He observed
the highest partial polarization of emission occurred
angles most oblique to the surface normal. Also, he no
that metals have considerably higher partial polarizat
than dielectrics, and that for a given material type, par
polarization was highest for a smooth surface condition

One advantage of polarization is that it can provide i
proved contrast for a number of sample detection and
crimination applications. Emissive polarization can pos
bly be used to find a hidden object in an isothermal sc
where conventional infrared~IR! sensors would detect little
or no contrast. Polarization also has the potential to dis
guish between natural and man-made materials. Man-m
or refined, materials tend to produce a significant polari
Opt. Eng. 41(5) 1055–1064 (May 2002) 0091-3286/2002/$15.00
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tion content in both reflected and emitted light due to
flection from smooth, often painted, surfaces.3 Surfaces
viewed at normal incidence usually produce unpolariz
light. Light reflected from a surface tends to fav
s-polarization, polarization perpendicular to the plane
incidence, while light emitted from the same surface ten
toward p-polarization, polarization parallel to the plane
incidence. Also, surface roughness generally tends to
duce the amount of polarization. In the natural enviro
ment, thermal IR radiance is generally unpolarized, w
water being one of the only natural materials to exhi
polarization. Long-wave infrared~LWIR! data of water
show s-polarization in regions of sun glint, but elsewhe
p-polarization is observed. For a cold, clear sky, the LW
signal is p-polarized up to 10% at large incidence angle4

To further investigate polarization phenomenology, A
Force Research Laboratory~AFRL! constructed two long-
wave IR spectral polarimeters, and performed experime
in the laboratory and in the field at Kirtland Air Force Bas
New Mexico. The two instruments are designed with a
tating quarter-waveplate and a fixed linear analyzer as
polarization optics to make a complete Stokes meas
ment. This type of polarimeter was chosen because it h
straightforward calibration, is flexible in design, and ine
pensive. The results of this work show that we are able
make polarization measurements with a relative accurac
0.5% degree of polarization~DOP! between two different
instruments calibrated with similar techniques, and th
1055© 2002 Society of Photo-Optical Instrumentation Engineers
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demonstrate the usefulness of polarimetry for mate
identification.

2 LWIR Instruments

The Air Force Research Laboratory has conducted exp
ments to measure the spectral and polarization charact
tics of various materials using two distinct LWIR devices
LWIR imaging polarimeter~LIP! and a FTIR spectral po
larimeter~FSP!. The two instruments are of a standard d
sign, utilizing a rotating quarter-waveplate and a fixed l
ear analyzer to make a complete Stokes measurement
four Stokes components are calculated using the data
duction method~DRM! described by Chipman.5 The two
drawbacks of an instrument of this design are the requ
ment of a static scene during the measurement time and
spectral dependence of the waveplate retardance. Bec
of this, the experiments are carefully conducted to lim
scene variability. Estimates of scene and instrument d
are included as sources of error in the data. Also, car
calibrations are performed to determine the retardance
the waveplate as a function of wavelength. Backgrou
subtraction and polarization calibration are important
well.

2.1 LWIR Imaging Polarimeter

The LWIR imaging polarimeter~LIP! performs a complete
Stokes measurement by using the combination of a rota
quarter-waveplate and a stationary linear analyzer. Du
cost and time constraints when building the polarime
uncooled polarization optics and lenses were used. The
tem was designed around an off-the-shelf mini Dewar
camera with a 2563256 pixel HgCdTe focal plane arra
~FPA! having a long-wave cutoff at 9.6mm. The FPA has a
few thousand bad pixels, and approximately 10% pixel-
pixel nonuniformity before correction.

A nonuniformity correction~NUC! is performed with
off-the-shelf software to compensate for different respon
of pixels using a two-point linear correction. A cold un
form object and then a warm uniform object are placed
front of the camera lens at different times to determine e
pixel’s response. A linear curve is fit to each pixel sep
rately. This function is then used to convert the raw anal
to-digital ~A/D! counts read from the FPA to the correct
counts, which are recorded by the controlling computer

The camera has a wideband cold filter between 8.2
12.0mm, and four selectable warm spectral bands betw
8.2 and 9.5mm. A 100-mm focal length four-element len
assembly with an f number of 2.3 is mounted on the fro
of the camera. A schematic of the LIP is shown in Fig.
Light passes through the lens to the quarter-wavep
where it is retarded, and then through the stationary w
grid polarizer. Next, the light passes through the selec
warm spectral filter. After this, the light enters the coole
optics portion of the instrument. The Dewar has a coa
ZnSe window with a cold shield of f number 2.3. The lig
then passes through the cold filter to the FPA. The sys
sits on a 2318 optical breadboard that can be mounted
a tripod.

Any one of the five uncooled narrow-band spectral
ters mounted on a bar can be consecutively placed dire
behind the polarizer to obtain multispectral data. Figur
shows the bandpass of the warm spectral filters used in
1056 Optical Engineering, Vol. 41 No. 5, May 2002
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experiment with the modeled response of the FPA. The F
relative response curve was modeled using the manufac
er’s data and calibration measurements were made with
extended set of bandpass filters. The filter curves were m
sured with a FTIR spectrometer.

The quarter-waveplate is a one-inch diameter, ach
matic net zero-order, CdS/CdSe retarder. The system m
polarization measurements by collecting a series of cam
frames while the quarter-waveplate is rotated through
fixed number of positions. The rotation of the waveplate
motorized and computer controlled. The number of fix
locations is variable. A standard collection sequence c
sists of a series of ten measurements spaced 40-deg a
with a redundant measurement at 360 deg used to chec
drift in the scene.~Collett provides a more detailed expla
nation of spinning waveplates.6! The retardance of the
waveplate is shown in Fig. 3 and is discussed further
Sec. 3.4.

Offset measurements are made to remove the ba
ground signal emitted from the optical components t
would erroneously reduce the measured polarization.
amount of background light is estimated by placing
liquid-N2-cooled plate in front of the system after ea
measurement. This plate serves as a uniform cold so
that provides a background level or pedestal, represen
the bias on the camera and any thermal signal from

Fig. 1 Schematic of the LIP.

Fig. 2 Modeled spectral response of array and measured band-
pass.
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Fig. 3 Retardance as a function of wavelength for the LIP.
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optical system. This background frame is subtracted fr
each frame of real data before analysis. The backgro
measured on the camera has a direct effect on theS0 ele-
ment of the Stokes vector, which in turn affects the oth
Stoke’s elements, since all are typically normalized us
S0 . Figure 4 shows the temperature profile of the plate a
being removed from the liquid N2 bath. The plate does
warm up to approximately 110 K during the 15-sec me
surement, but this temperature is still well below the te
perature of the LIP optics and is sufficient for backgrou
subtraction.

The software running the system is a combination
commercial and custom-made programs. Off-the-shelf s
ware controls the camera, the data acquisition, and the
age display. Analog signals from the FPA are amplified
the camera system and digitized with external electron
Digital signals pass to an I/O board contained in a Pent
II PC. The data are collected in 12-bit camera frames a
rate of 60 Hz. The computer control of the waveplate ro
tion stage was custom built, with commands being cal
from inside the camera’s macro language. The requ

Fig. 4 Plot of temperature changes with time for the liquid N2 back-
ground plate. The measurement begins when the plate is removed
from the liquid N2 , and it continues for approximately 15 sec.
-

.

amount of time to take a measurement varies accordin
the number of frames collected at each position of
waveplate. Typically, 32 images are taken at each posi
and averaged to increase signal to noise. Ignoring
manual placement of the hot, cool, and liquid N2 measure-
ments, with these settings a single wavelength polarim
measurement takes approximately 15 sec: 5 sec to co
the data and another 10 sec to spin the waveplate. Spe
cations for the LIP settings used to collect the data p
sented are found in Table 1.

The Stokes measurement of a particular scene for a
cific filter is computed from the following data.~For the
warm/cold/background plates, no intensity change w
waveplate position was measured.!

1. Warm plate measurement~64-frame average!, 1
waveplate position.

2. Cold plate measurement~64-frame average!, 1 wave-
plate position.

3. Background plate measurement~64-frame average!,
1 waveplate position.

4. Nine measurements of the scene, moving the wa
plate between 0 and 320 deg in 40-deg steps~each a
32-frame average!.

Table 1 Specifications for the LIP.

Focal plane array 2563256 pixel HgCdTe

IFOV 0.5 mrad

Waveplate achromatic CdS/CdSe net zero-order
quarter-waveplate

Polarizer 0.5-mm pitch gold grid on AR-coated
ZnSe

Frame rate and digitization 60 Hz, 12-bit digitization

Measurement speed 15 sec per Stokes image/bandpass
filter
1057Optical Engineering, Vol. 41 No. 5, May 2002
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Fig. 5 Schematic of the FSP.
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5. Tenth measurement of the scene with the wavep
at 360 deg~32-frame average!.

Measurements of the scene at the first and last wavep
positions provide an estimate of scene change or drift d
ing the measurement time. Since a scene change ca
significant false polarization signatures, data showing
characteristic are not used in the analysis. A quick-lo
analysis is performed after each measurement to determ
if the data were free of drift for a given scene. The data
processed using custom-made IDL programs. Because
scenes taken with the LIP are complicated and con
many kinds of materials, a region of interest~ROI! analysis
is used to evaluate the polarization of individual sampl
Uniform ROIs are selected by hand from the sample
ages. The four Stokes elements are first calculated per p
and then averaged over the ROI using the DRM. Pixels
did not have a suitable linear response are flagged as
pixels and are not included in the resultant Stokes val
reported for a subregion. Bad pixels are marked by co
parison with data from the warm and cool plates. Those
responding to within 10% of all the pixels in the array a
removed. The number of bad pixels fluctuates due to
quality of the NUC. Ancillary data, including thermocoup
data for tracking sample temperature and weather sta
data for tracking weather conditions, are stored on a se
rate computer from the data collection computer.

2.2 FTIR Spectral Polarimeter

The FTIR spectral polarimeter~FSP! also collects full-
Stokes spectra using a rotating quarter-waveplate and li
polarizer combination. The instrument was developed
adding polarization optics to an off-the-shelf Michelson
terferometer. The waveplate is placed at a field-stop lo
tion in front of the interferometer. The layout of the instr
ment is shown in Fig. 5. Light enters the telescope from
right, and is focused by the f/5 reflective telescope onto
net zero-order waveplate. The light passes through the fi
wire grid polarizer, is collimated by another set of reflecti
f/5 optics, and sent into the interferometer. The telesc
has a 2-in aperture, off-axis parabolic, protected alumin
mirror. The waveplate is a half-inch diameter CdS/CdS
zero-order waveplate. The plate is designed for CO2 laser
work, and as such provides nearly 90 deg of retardanc
neering, Vol. 41 No. 5, May 2002
e
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e
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10.6 mm. The measured retardance of the plate betwee
and 12.5mm is shown in Fig. 6. Placing the waveplate
the field stop reduces potential image motion when rotat
the optic. The waveplate is mounted in a motorized rotat
stage, controlled by the data acquisition computer. The w
grid polarizer is fixed to pass horizontally linearly polarize
light just behind the rotating waveplate. This compone
completes the polarization sensitive portions of the inst
ment. The interferometer, a Bomem MB 200, provides
lectable spectral resolution from 2 to 32 wavenumbers
up to 64 scans per second depending on the resolution
lected. Interferograms are detected using a standard sin
pixel HgCdTe detector. The detector is sensitive to wa
lengths between 8 and 12.5mm, with the lower limit
resulting from atmospheric transmission.

The FSP software consists of a custom control and
quisition program written for a Pentium PC. The softwa
controls the interferometer and the rotation stage, and
quires both interferograms and spectra for each wavep
position. Data are collected by coadding these interfe
grams and spectra at each of typically 10 waveplate ro
tion positions around a full circle. Redundant 0- and 36
deg waveplate positions are collected, providing
estimate of scene or sensor drift during the measurem
As with the LIP, warm, cool, and liquid-N2-cooled plate
reference sources are sampled for each Stokes mea
ment providing calibration and instrument gain and offs
information. Also, 32 spectra of data are averaged at e
waveplate position. Each spectral Stokes measurem
taken with the FSP is computed from the data in the sa
manner described previously for the LIP instrument, thou
the FSP has no spatial information. In addition, the F
data can be spectrally averaged to improve signal to no
The Stokes values are again computed using DRM. Sp
fications for the FSP settings used to collect the data p
sented in this paper are found in Table 2. The measurem
speed for the FSP has increased to 35 sec per Stokes
tra, as compared to the LIP’s 15 sec per measurement
cause the FSP data acquisition program and waveplate
tor are slower.

3 Instrument Calibrations

In constructing these two IR instruments, attempts w
made to remove sources of error in the polarization m
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Fig. 6 Retardance as a function of wavelength for the FSP.
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surement and to put various diagnostics in place to de
mine the accuracy and dependability of the instrume
These included determining the polarization contribution
the instrument fore-optics, quantifying the extinction of t
wire grid polarizers in the instrument, and performin
waveplate calibrations and system checks. An accurate
solute radiometric calibration was not required for our a
plication. However, relative radiometric calibrations we
performed to monitor the status of the instruments. T
calibrations and system checks are described in the foll
ing two sections.

3.1 Polarization Contribution of Fore-Optics

In both the LIP and FSP, light passes through focusing
tics before it reaches the polarimeter portion of the inst
ments. The affect of these optics must be included in
calibration. However, in these polarimeter designs only
optics in front of the instrument, including the wire gr
polarizer, can have an effect on the polarization calibrat
of the instrument. After the polarizer, the sensor only s
horizontal polarization, since the polarizer does not rota
The polarization affect of the instrument, then, is just re
resented as another DC term, similar to the thermal sig
from the optical system. Both DC terms are measured
placing the liquid-N2 plate in front of the system, and ar
then subtracted from the data frames. Also, a modest p
rimetric calibration is performed to determine if these o

Table 2 Specifications for the FSP.

Detector HgCdTe

FOV 28 mrad

Waveplate net zero-order CdS/CdS

Polarizer 0.5-mm pitch gold grid on AR-coated ZnS

Spectral range 800 to 1250 cm21 at 4 cm21 resolution

Scan rate and digitization 30 Hz, 16-bit digitization

Measurement speed 35 sec per Stokes spectra
-

-

-

l

-

tics produce undesirable polarization effects, such as po
ization diattenuation, rotation, and retardance.

The LIP optics consist of a 100-mm focal lengt
4-germanium element antireflective~AR! coated f/2.3 lens
assembly. This assembly was not tested separately for
larization effects because it was assumed the refrac
components would not induce polarization effects in t
LWIR. The FSP fore-optics consist of a two mirror off-ax
system made of SiO2 coated aluminum. This telescope wa
tested separately for polarization diattenuation, rotati
and retardance effects. Using various laboratory test set
no polarization effects were found.

3.2 Extinction of Wire-Grid Polarizers

The extinction of the wire grid polarizers in the LIP an
FSP were checked by comparing the transmission thro
two polarizers, one inside the instrument and one exter
when their axes are aligned versus the transmission w
they are crossed. The orientation of the polarizers was m
sured by illuminating each polarizer with a HeNe laser a
measuring the orientation of the diffracted order. The dir
tion of the diffracted orders of light is perpendicular to th
grating orientation and parallel to the direction of line
polarization for IR energy passing through. Viewing
500°C blackbody source through two polarizers, the exti
tion ratio was measured at greater than 300 to 1 at 8.9mm.

3.3 System Checks

A limited set of known polarization states were input
each instrument as polarization checks. A full Mueller ca
bration with known polarization states would have be
sufficient to determine the full polarization response of t
instruments. However, the difficulty in producing quali
polarization states in the IR precluded using some sta
For each instrument, unpolarized light and linearly pol
ized light of various orientations were used. The linea
polarized light had a known orientation, but an unknow
magnitude, as it was mixed with unpolarized thermal em
sion from various sources in the laboratory. Using unpo
1059Optical Engineering, Vol. 41 No. 5, May 2002
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Sposato et al.: Two long-wave infrared spectral polarimeters . . .
ized and linearly polarized light quantifies seven of the s
teen elements of the instruments’ polarization respo
matrix. For the FSP, these checks showed that the ins
ment is sufficiently close enough to ideal to warrant us
the theoretical calibration for the waveplate/polarizer co
bination. For the LIP, a slight apparent polarization sig
was measured when viewing unpolarized sources. This
nal, which varied for each filter, surfaced in theS1 mea-
surement and is listed in Table 3. The signal was treate
a polarization ‘‘bias’’ and simply subtracted from all subs
quentS1 measurements of sources that are nearly unpo
ized or are polarized to a few percent. In future polarizat
calibrations, we will try to better assess the source of t
polarization effect and properly correct for it in all me
sured polarizations.

3.4 Waveplate Calibration

To measure polarization signatures accurately, it is ne
sary to quantify how the retardance of the wavepla
changes with wavelength. Independent calibrations of
waveplate retardance as a function of wavelength were
formed for each LWIR instrument. The method, which w
developed at AFRL,7 involves rotating the waveplates be
tween two linear wire grid polarizers, one in the came
system and one placed in front of a blackbody source.
polarizers are first set so they are aligned with each o
and then set crossed with each other. The purpose be
taking two measurements is to remove the DC term res
ing from unpolarized light.

The intensity of light after it passes through a wavepl
and polarizer is given by

S085
1

2 F S S01
S1

2 D1
S1

2
cos~4vt !1

S2

2
sin~4vt !

1S3 sin~2vt !G , ~1!

whereS0 , S1 , S2 , andS3 are the four Stokes vector ele
ments of the incident light, andv is the frequency of the
waveplate rotation. The 4vt term represents the amount
linear polarization created, and the 2vt term represents the
amount of circular polarization created. The DC term
sults from unpolarized stray light that does not fall in t
4vt peak or in the 2vt peak.

This waveplate calibration procedure can be expres
mathematically as follows. When the polarizers are align
the matrix equation for the Stokes vector is

Table 3 Polarimetry biases in the LIP for S1.

Filter Bias (%)

1 21.0

2 20.9

3 20.9

4 21.2

5 22.4
1060 Optical Engineering, Vol. 41 No. 5, May 2002
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Sa85MHMl/4MHS. ~2!

When the polarizers are crossed, the equation is

Sc85MVMl/4MHS. ~3!

In these equations,Ml/4 is the Mueller matrix for a rotating
quarter-waveplate with a retardance ofd, MH is the Mueller
matrix for a horizontal linear polarizer,MV is the Mueller
matrix for a vertical linear polarizer, andS is the Stokes
vector representing the polarization state of the light bef
it passes through the waveplate and polarizers.

The resulting intensity of the light after passing throu
the waveplate and the aligned polarizers is

S0a8 5~S01S1!@11cos2~2vt !1sin2~2vt !cosd#1DC, ~4!

and the intensity of the light after passing through t
waveplate and the crossed polarizers is

S0c8 5~S01S1!@12cos2~2vt !2sin2~2vt !cosd#1DC. ~5!

Using half-angle formulas, these equations become

S0a8 5~S01S1!@ 3
2 1 1

2 cosd1 1
2 cos~4vt !~12cosd!#1DC

~6!

S0c8 5~S01S1!@ 1
2 2 1

2 cosd2 1
2 cos~4vt !~12cosd!#1DC.

~7!

The intensity of light from a material measured by
rotating waveplate polarimeter can be written as a trunca
Fourier series, similar in form to Eq.~1!:

I ~vt !5 1
2 @A1B sin~2vt !1C cos~4vt !1D sin~4vt !#.

~8!

The coefficientsA, B, C, andD, which directly determine
the Stokes parameters, can be evaluated using Fo
analysis as follows

A5
1

p E
0

2p

I ~vt !d~vt ! ~9!

B5
2

p E
0

2p

I ~vt !sin~2vt !d~vt ! ~10!

C5
2

p E
0

2p

I ~vt !cos~4vt !d~vt ! ~11!

D5
2

p E
0

2p

I ~vt !sin~4vt !d~vt !. ~12!

For a waveplate calibration, the intensities resulting wh
the polarizers are aligned and crossed, respectively,
given by Eqs.~6! and ~7!. By substituting these equation
for I (vt) in Eqs. ~9!–~12!, the coefficients
(Aa ,Ba ,Ca ,Da), representing the system with aligned p
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Fig. 7 Laboratory setup for instruments and samples.
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larizers, and the coefficients (Ac ,Bc ,Cc ,Dc), representing
the system with crossed polarizers, can be determined

Aa5~S01S1!~ 3
2 1 1

2 cosd!1DC ~13!

Ca5 1
2 ~S01S1!~12cosd! ~14!

Ac5~S01S1!~ 1
2 2 1

2 cosd!1DC ~15!

Cc52 1
2 ~S01S1!~12cosd! ~16!

Ba5Bc5Da5Dc50. ~17!

These expressions are functions only of constants and
waveplate retardance. TheA terms represent the DC value
The C terms represent the amplitude of the 4vt terms.
There are no 2vt terms, since the polarizers used are line
For a more detailed explanation of this method of determ
ing the coefficients, see Collett.6

The first step in solving ford is to subtractAa2Ac to
remove the DC term. Then a ratio is taken between the 4vt
terms and the DC terms

R5
~Ca2Cc!

~Aa2Ac!
. ~18!

Rewriting this using Eqs.~13!–~16! yields

R5
~12cosd!

~11cosd!
5

sin2S d

2D
cos2S d

2D 5tan2S d

2D , ~19!

whered is uniquely determined from this last equation.
The retardance measurements for the LIP were take

two different days using two different temperature cav
blackbodies as the source. Five measurements at a b
body temperature of 650 K were taken on the first day, a
three were taken at a blackbody temperature of 100 K
the second day. The mean retardance values for each
are shown in Fig. 3. The error bars, representing rand
error only, are calculated using the following

ts

An
, ~20!
e

n

-

r

wheres is the standard deviation,n is the number of retar-
dance measurements, 8, andt is the value corresponding t
the 95% confidence limit for at-distribution, 1.86. A
t-distribution rather than a Gaussian distribution best
scribes the data taken with the LIP, since the number
measurements is less than 30 for each wavelength ban8

The three measurements of the retardance for the
are shown in Fig. 6. The mean standard deviation of th
three measurements was about 0.25 deg.

Experience with this measurement technique has sh
mthat up to a 1-deg bias in the retardance measuremen
exist, probably due to the optical setup. This is not a v
significant problem, however, because a 1-deg chang
the retardance will only result in an approximate 0.2
change in polarization for a 5% partially polarized samp
To get a significant change in polarization, the retarda
would have to be wrong by at least 4 deg. Separate cali
tions were also done looking at the center of the field
view ~FOV! versus looking at the edge of the FOV in th
LIP. The measured retardances differed by less than
deg. Lastly, the retardance values as a function of wa
length shown in Fig. 3 agree with retardance measurem
made by Sornsin and Chipman9 and Smith et al.10 using a
similar waveplate.

4 Experiment Results

4.1 Laboratory Comparison of Instruments

Various experiments were conducted by the AFRL at K
land Air Force Base, New Mexico, to verify the measur
ment concept and the utility of polarization in materi
identification/discrimination applications. Polarization e
periments are inherently very difficult to make due to t
complexity of the instrumentation used; misunderstand
data can lead to erroneous polarization measurements.
cause of this, the first experiment was performed in
laboratory to determine if the FSP and LIP, which are
different design, yielded similar polarization estimat
looking at the same samples under the same environme
conditions. For this experiment, both instruments we
placed on an optics table. The samples were placed a
end of the table, a distance of about five feet from t
polarimeters. The three samples, painted aluminum, b
aluminum, and smooth glass, were tilted up to 20 deg fr
the horizontal, as shown in Fig. 7, and heated to a cons
40°C with strip heaters. The temperature of each sam
was maintained with a thermocouple and temperature c
troller, accurate to 0.1%°C. In actuality, the temperatu
varied by a few percent in radiance units. The temperat
1061Optical Engineering, Vol. 41 No. 5, May 2002
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Sposato et al.: Two long-wave infrared spectral polarimeters . . .
uniformity of the targets was checked using the LIP a
found to be sufficient for these measurements. The op
table had a cover over it, but no additional attempt w
made to control the environment or reduce room reflectio
onto the samples. The room temperature was 23°C. E
of the samples was measured with each instrument
times. All the samples fit within the FOV of the LIP, whil
the samples were placed overfilling the FSP FOV alt
nately. Also, the small distance to the samples requi
measuring them with the FSP and LIP at different times

Figure 8 shows the normalizedS1 polarization measured
from the bare aluminum plate at a 20-deg view angle. T
smooth curve is from the FSP, while the five diamon
represent the polarization signal measured with each fi
of the LIP. The FSP data has been smoothed to 16 cm21

spectral resolution. The error bars represent the 95% co
dence limit in the standard deviation of the mean calcula
from the five measurements for each instrument.@See Eq.
~20! and the explanation following for more information#
The error bars only include random sources of error and
instrument biases, such as residual errors in the meas
waveplate retardance. The modest vertical polarizat
shown in Fig. 8 is to be expected due to the small therm
contrast between radiation from the laboratory being
flected off the bare aluminum and the radiation emitt
from the plate.

Figure 9 shows the measured FSP and LIP polariza
for the same aluminum plate painted with a flat, tan pa
The measured normalizedS1 polarization is similar to that
of the bare aluminum measured under the laboratory c
ditions, though the painted aluminum shows a promin
spectral-polarization feature at about 10mm. Figure 10
shows the normalizedS1 data for the smooth glass sampl
Note the widely varying polarization signature measur
with both instruments, which peaks at around 10mm. This
polarization spectrum results from changes in the comp
index of refraction of glass over this wavelength rang
Values for normalizedS2 andS3 were negligible for the
bare and painted aluminum plates and the glass sam
The laboratory experiment proved to be successful, si
both the FSP and LIP yielded similar values of normaliz

Fig. 8 Normalized S1 polarization data for bare aluminum from the
FSP (line) and LIP (diamonds) measured in the laboratory.
1062 Optical Engineering, Vol. 41 No. 5, May 2002
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S1, S2, andS3 for all the samples measured. This verifie
the ability of the FSP and LIP to make comparable pol
ization measurements of simple samples.

4.2 Field Survey of Material Polarization

Measurements of the spectral-polarization characteristic
a variety of common materials were also conducted o
doors from a 20-foot tower, at the south end of Kirtland A
Force Base, New Mexico. The primary goal of these e
periments was to quantify the magnitude of polarizati
and spectral change in polarization of simple materials
an uncontrolled environment. The measurements w
made in June during the day under mostly clear skies. T
FSP and LIP instruments were placed side by side, and
materials viewed at an angle of 34 deg down from t
horizontal, as shown in Fig. 11. Each material was hom
geneous and large enough to fill the FOV of the FSP. Ab
30 different materials were measured; most materials w
measured with the FSP 3 to 10 times to gain informati
about random errors.

Fig. 9 Normalized S1 polarization data for painted aluminum from
the FSP (line) and LIP (triangles) measured in the laboratory.

Fig. 10 Normalized S1 polarization data for smooth glass from the
FSP (line) and LIP (asterisks) measured in the laboratory.



are
al-
ate

a
d
k
ea
ars

ent
ow
he
k,
tri
ria
cte
ure

me
p-
nd

sig

ay
g
er-
ri-
be
per-
-
IR
ier
rst
are
be
to

in
on
ant

ults

Sposato et al.: Two long-wave infrared spectral polarimeters . . .
Sample data from the materials survey experiment
shown in Figs. 12, 13, and 14. Plotted in Fig. 12 is norm
ized S1 measured from three samples: an aluminum pl
painted with Krylon black paint, a rusted steel plate, and
smooth glass plate. The FSP data have been smoothe
16 cm21 resolution. The error bars for the Krylon blac
plate and rusted steel plate are calculated from five m
surements made over a 15-min period, while the error b
for the glass plate are calculated from ten measurem
made over a 90-min period. Again, the LIP and FSP sh
similar polarization values for all the samples. From t
figure it is clear that the three materials, Krylon blac
rusted steel, and glass, have unique spectral-polarime
features that could be used for distinguishing one mate
from the other. Also, one can see the atmosphere refle
in the glass signature, especially the ozone feature. Fig
13 and 14 show the scaledS2 andS3 data from the same
three materials. The data are plotted in exactly the sa
way as theS1 data described before, with the only exce
tion being the expansion of the Y-axis scale for Figs. 13 a
14. Note that there is no significantS2 polarization for
these materials at the measurement geometry. Also, no
nificant S3 polarization was observed.

Fig. 11 Setup at outside tower for instruments and samples.

Fig. 12 Normalized S1 from three samples measured by the FSP
and LIP at the Kirtland tower. Krylon black: solid line5FSP, triangles
5LIP. Rusted steel: dotted line5FSP, asterisks5LIP. Glass: dot-
dashed line5FSP, diamonds5LIP.
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5 Summary

The spectral-polarization characteristics of materials m
prove useful in identifying materials and in discriminatin
samples from a cluttered background. However, an und
standing of the polarization expected from various mate
als in controlled and natural environments must first
ascertained. To this end, two experiments have been
formed at AFRL using two LWIR polarimeters with differ
ent designs and capabilities: the LIP, a multispectral LW
imaging polarimeter, and the FSP, a full-Stokes Four
transform IR spectral polarimeter. The objective of the fi
experiment, performed in the laboratory, was to comp
data from these two instruments. This test was found to
successful in that the data from both instruments agree
within error bars. In the second experiment, performed
the field, the spectral-polarization signatures of comm
materials were surveyed. The data show that signific
spectral features can be distinguished between 8 and 12mm
for some materials using the LIP and FSP. These res

Fig. 13 Normalized S2 from three samples measured by the FSP
at the Kirtland tower. Krylon black: solid line. Rusted steel: dotted
line. Glass: dot-dashed line.

Fig. 14 Normalized S3 from three samples measured by the FSP
at the Kirtland tower. Krylon black: solid line. Rusted steel: dotted
line. Glass: dot-dashed line.
1063Optical Engineering, Vol. 41 No. 5, May 2002
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demonstrate that we are able to make polarization meas
ments that agree within a relative accuracy of 0.5% D
between the two instruments, and that polarimetry ha
great potential to enhance material identification and d
crimination capabilities.
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